The stress fiber network within contractile fibroblasts structurally reinforces and provides tension, or "tone", to tissues such as those found in healing wounds. Stress fibers have previously been observed to polymerize in response to mechanical forces. We observed that, when stretched sufficiently, contractile fibroblasts diminished the mechanical tractions they exert on their environment through depolymerization of actin filaments then restored tissue tension and rebuilt actin stress fibers through staged Ca ++ -dependent processes. These staged Ca ++ -modulated contractions consisted of a rapid phase that ended less than a minute after stretching, a plateau of inactivity, and a final gradual phase that required several minutes to complete. Active contractile forces during recovery scaled with the degree of rebuilding of the actin cytoskeleton. This complementary action demonstrates a programmed regulatory mechanism that protects cells from excessive stretch through choreographed active mechanical and biochemical healing responses.
Introduction
Myofibroblasts are the mechanical engines that shrink wound surfaces and provide homeostatically-regulated tension, or "tone", to scar tissue (1) (2) (3) (4) . The contractile mechanism by which myofibroblasts apply tension to their environment involves interactions between actin and non-muscle myosin in the cell's network of stress fibers and the connection of these stress fibers to the extracellular matrix (ECM) (2, 3, 5, 6) . External mechanical stressing can initiate a remodeling process that gradually increases tissue tension (7) (8) (9) (10) . We observed that contractile fibroblasts, which we treat as models of myofibroblasts, exhibit a self-protective mechanism for releasing excessive mechanical stresses and then restoring tension rapidly. Tension recovery arises from changes to the passive resistance (stiffness) of the de-and re-polymerizing actin cytoskeleton and a Ca ++ -modulated contraction that scales with cytoskeletal rebuilding.
The results lend a tissue-level explanation for observations of intracellular Ca ++ release associated with disruption of cytoskeletal elements (11, 29) . Results suggest that the structure, mechanics, and biochemistry of myofibroblasts combine in an intricate choreography to enable stress release for protection of internal structures followed by rapid tissue tension recovery as the cell rebuilds and remodels its cytoskeleton.
Materials and Methods
We studied three-dimensional cultures of contractile fibroblasts in a reconstituted collagen ECM. These tissue constructs serve as environments for quantification of cellular mechanics in vitro (11) (12) (13) (14) (15) . Mechanical tests performed on ring-shaped tissue constructs in several biochemical environments were stopped through fixation at prescribed time-points to allow imaging through staining.
Specimens were synthesized using procedures described elsewhere (13) . Briefly, fibroblasts isolated from 11-day-old chick embryos were incubated in Dulbecco's modified Eagle's medium (DMEM) at 37°C and 5% CO2 for 7 days, split, then incubated in DMEM for another 7 days. Fibroblasts acquired contractile features associated with myofibroblasts, including stress fibers (16, 17) ; we term these "contractile fibroblasts" as their specific relationship to myofibroblasts requires further study, Cultured cells (2.0×10 6 cells/ml) were mixed with DMEM and type I rat tail collagen (1 mg/ml), and the pH was brought to neutral using NaOH. 1 ml of cell suspension was poured into Teflon molds composed of two concentric cylinders: the outer cylinder hollow (14.9mm inner diameter), and the inner solid (9.5mm diameter). The final suspension was incubated at 37°C and 5% CO 2 for 3 days as cells compressed and remodeled the collagen. After the first hour of incubation, molds were filled with DMEM containing 3% fetal bovine serum (FBS). The ring-shaped samples were mounted on a force measurement apparatus (18, 19) and kept in HEPES-buffered DMEM (pH 7.4) containing 3% FBS at 37°C.
Mechanical testing began with a preconditioning protocol: a 30% stretch at 0.7 %/s, a 5 minute hold, a shortening back to the initial specimen length (0.7%/s), and a relaxation period of 40 minutes. The isometric tissue tension necessary to maintain the specimen at its original length was monitored to ensure that viscoelastic effects subsided. The relaxation test protocol was a rapid, 20% stretch of the sample, followed by a hold of 30 minutes as the isometric tissue tension required to maintain the specimen at this new length was monitored. The stretch rate of ~800%/s was sufficiently fast to be considered stepwise for the purpose of deriving viscoelastic properties, but sufficiently slow to neglect wave propagation within specimens (20) . This procedure could be repeated multiple times with nearly identical results ( Figure 6 ).
Specimens were returned to their reference configurations for a final test to measure the viscoelastic response of the remodeled ECM. 0.5%-1% Triton X-100 was added to the organ baths to disrupt the cells, and isometric tissue tension was monitored for 40 minutes as the Triton X-100 took effect and viscoelastic relaxation subsided. The relaxation test protocol was then repeated. The ECM was stable in the presence of Triton X-100 at these dosages (e.g. 21): isometric tissue tension reached a plateau after dissolution of the cells. Rhodamine phalloidin staining showed complete depolymerization of the actin cytoskeleton and membrane staining with DiD Orange (Invitrogen, Inc.) showed little remaining cell membrane.
To study the actin cytoskeleton during these tests, some samples were fixed at different phases using 1% paraformaldehyde during relaxation tests and permeablized using 0.1% Triton X-100. F-actin was stained with rhodamine phalloidin and 230×230 µm areas were imaged using confocal microscopy (1024×1024 pixels, 8-bit resolution). F-actin density and prevalence of stress fibers were quantified for ten randomly-selected images at each of four time-points in the relaxation response (A-D, Figure 1c ). F-actin density was measured from a 10% thresholding of images. This threshold level was sufficiently high to remove the variable effects of out-of-focus stress fibers from outside the imaging plane, and sufficiently low to retain pixels at the fringes of stress fibers within the imaging plane.
Prevalence of stress fibers was quantified using standard techniques for characterizing microstructures through X-ray scattering (22) . Two-dimensional Fourier transforms of images were radial band-pass filtered, retaining only frequency pairs in the white band in the inset of Figure 4 . Thin actin filaments, having diameters of 7-10 nm, affected only background stain intensity; since a pixel size of 225 nm was chosen, only thick actin filament bundles and stress fibers affected the Fourier transforms. Fourier transforms of images containing more stress fibers have more power in higher frequencies than those of images containing fewer stress fibers. Mean power density of the filtered Fourier transform (Figure 3) , normalized by the pretest value (time-point A), provided a measure of the prevalence of filaments with dimensions within a prescribed range of widths (38, supplemental document).
To study effects of external Ca ++ on mechanical behavior, some samples were stretched in organ baths containing DMEM with 1.8mM Ca ++ , and others in DMEM in which the Ca ++ had been chelated using 2mM EGTA. To study effects of internal stores of Ca ++ , some specimens were treated with thapsigargin to release internal stores of Ca ++ (23) , and then with BAPTA AM to chelate the internal Ca ++ . In other tests, the Rho kinase pathway was downregulated with Y27632 or up-regulated with nocodazole; nocodazole disrupts microtubules, causing phosphorylation of myosin light chains (MLCs) by MLC kinase and thereby activating actinmyosin contraction within the stress fibers (29) .
Results
Contractile fibroblasts in ring-shaped, three-dimensional, reconstituted tissue constructs exhibited a characteristic isometric response after rapid stretching ( Figure 1 ): a rapid rise, rapid shedding, rapid active recovery, plateau, and gradual active recovery of tissue tension. Mechanically preconditioned tissue constructs showed this most clearly. By the recovery's end, cells restored tissue tension to a target isometric value that increased with stretch amplitude.
Cellular mechanical response was estimated by subtracting the ECM contribution (Figure 1b ), deduced from a mechanical test performed on the tissue construct after extracting cells using Triton X-100, from the overall mechanical response of the tissue construct ( Figure 1a ). This subtraction provided a reasonable approximation because of the high cellular density: in tissue constructs with cell populations sufficiently dense to form a contiguous network of mechanically connected cells, the mechanical contributions of cells and ECM are roughly additive (14, 25, 26) .
After the rapid loss of tissue tension, contractile fibroblasts exhibited two mechanical recovery mechanisms. First (BC, Figure 1c) , the mechanical tractions exerted by cells exhibited a rapid active response (the "RAR"), beginning ~2 seconds after the sudden stretch and lasting for ~50 seconds. These time intervals were independent of all test conditions including stretch magnitude, and were rapid compared to the contraction observed in wound healing and tissue remodeling (27) . Second (CD, Figure 1c) , cellular tractions exhibited a gradual active response (GAR), beginning a few minutes after the RAR and lasting for about 20 minutes, a timescale associated with isometric cellular contraction in response to biochemical agents and growth factors (11, 28) . These mechanisms each accounted for about 50% of the recovery from the minimum level of tissue tension (B, Figure 1c ) to the stretch-dependent target level (D, Figure 1c ). Between the RAR and GAR most tissue constructs exhibited a plateau in their isometric tension.
Both mechanisms operated through the contractile apparatus in the actin filament systems and produced contractile forces that scaled with the degree of rebuilding of stress fibers ( Figure 2 and Figure 3 ). The stress-induced remodeling process involved rebuilding and alignment of stress fibers into the direction of external stressing. Prior to testing (Figure 2 , image corresponding to Figure 1c, point A) , contractile fibroblasts and their actin stress fibers exhibited a circumferential alignment determined by the constraint on the ring-shaped tissue constructs during incubation. This preferred direction coincided with the direction of the applied external stressing. During the tissue tension relaxation after the application of a sudden stretch (Figure 2 , image corresponding Figure 1c, point B) , continuous networks of stress fibers became disrupted, leaving loosely connected islands of stress fibers in the contractile fibroblasts. In addition to this reduction in connectivity, fewer actin filaments were visible, indicating depolymerization of actin filaments in response to the stretch. After finishing the RAR (Figure 2 , image corresponding to Figure 1c In both the RAR and GAR, Fourier-space analysis indicated that actin repolymerized in the form of stress fibers, with no measurable change in the prevalence of cortical actin. Examination of power spectra showed that stress fibers depolymerized in response to the rapid stretch, repolymerized in proportion to the cellular contractile force throughout the RAR and GAR, and returned to approximately their pre-loading level after the GAR (Figure 3 ). The density of stress fibers, like the quantity of F-actin, paralleled the cellular contractile force: the trend line in Figure 3 is again the cellular contractile force curve (Figure 1c) scaled to match the final data point in Figure 3 . Stress fiber alignment could also be found from the power spectra (e.g., 28): spreading of the frequency spectra in Figure 3 in the vertical relative to the horizontal direction indicated preferential alignment of stress fibers in the direction of stretch at all time points. Alignment dropped slightly after the sudden stretch, then returned to the prestretch level or slightly higher after the GAR.
The RAR occurred only in response to rapid stretching (>800%/s), while the GAR occurred in response to all stretch rates tested ( Figure 6 ). The RAR appeared in the overall isometric tissue tension response as a recovery that eliminated relaxation in tissue tension, bringing the curve to a plateau. When the same specimen, under the same initial conditions, was subsequently subjected to a less rapid stretch (10%/s), the RAR was eliminated (Figure 6b ): the relaxation rate reduced, and, although roughness in the curve due to cellular contraction was evident, the RAR and its arresting of stress relaxation was eliminated ( Figure 6 a and b,  inset) . In both cases, the GAR appeared as a mild increase in the isometric tissue tension evident at approximately 500 seconds post-stretch.
The RAR was not associated with any permanent changes to the tissue constructs. Specimen preconditioning did not affect the RAR. When the specimen tested in Figure 6 was reloaded a third time, following the protocol of the first test, the RAR was recovered (Figure 6c ).
Contractile force shedding in these experiments occurred through disruption of the actin cytoskeleton ( Figure 2 and Figures 3) . Estimates of cellular contributions to the overall isometric response (Figure 1c) showed that cells shed contractile force more rapidly (<1 sec) than could be accounted for through passive viscoelastic relaxation of cells or ECM (14, 19) : remodeled tissue constructs and their components exhibit a continuous, uniform spectrum of relaxation timescales over the course of at least an hour, and passive relaxation thus results in logarithmic relaxation far slower than that observed (24) . Additionally, passive viscoelasticity would predict a higher peak tissue tension in stepwise tests than in slower tests (Figure 6 ), but no such effect was observed.
Contraction in both the RAR and GAR was triggered by Ca ++ . Removing Ca ++ from the external medium using EGTA delayed the onset of the GAR and reduced the level of tissue tension recovery in the GAR by 40% (Student's t-test parameter t(6)=2.76, p=0.033 ), but had an insignificant effect on the level of tissue tension recovery in the RAR (Figure 4) . Removing both internal and external Ca ++ using EGTA, thapsigargin, and BAPTA AM eliminated all active tension recovery ( Figure 5 ) and affected the passive viscoelastic response.
Actin-myosin contraction through the Rho kinase pathway, known to drive sustained contractions in myofibroblasts, appeared to be significant in both the RAR and GAR. Upregulation and down-regulation of this pathway through treatment with nocodazole and Y27632 scaled the baseline, RAR, and GAR cellular contractile forces upwards and downwards, respectively (data not shown).
Discussion
Contractile fibroblasts responded to rapid length increases through (i) a rapid force increase, associated with elastic resistance; (ii) rapid tissue tension shedding, associated with both viscoelastic relaxation and actin cytoskeleton disruption; and (iii) rapid (RAR) and gradual (GAR) restoration of tissue tension, associated with rebuilding of the actin cytoskeleton. The RAR, a rapid response to disruption of actin stress fibers, acted within seconds of a sudden stretch and completed in under a minute; the GAR began a few minutes post-stretch and lasted more than 20 minutes. Both were accompanied by cytoskeletal structural changes. Increased baseline cellular force following the GAR was consistent with passive elastic resistance of the cells. However, active, choreographed structural and biochemical factors contributed to the distinct mechanisms underlying the RAR and GAR.
Rapid stretching initiated depolymerization of some stress fibers, diminishing active forces exerted by cells proportionately. Increased passive elastic force from elongation of the remaining cytoskeletal components compensated to some degree, with the result that the nadir in cellular force response (point B in Figure 1c ) was close to the pre-stretch level. Active cellular force increased during the RAR and GAR in direct proportion to the stress fiber density ( Figure  2 and Figure 3 ).
Mechanics of tissue constructs containing contractile fibroblasts has been studied through many other protocols including isometric variations of tissue tension (29, 30) , isotonic variations of tissue length (31, 32) , and cyclic and other mechanical conditionings (9, (33) (34) (35) . However existing theories cannot explain the RAR and GAR. Brown et al. (28) studied the isometric force response of tissue constructs following linear increments in tissue tension and termed the isometric force reduction following elongation (or isometric force recovery following shortening) 'tensional homeostasis.' These observations differ fundamentally from the current results. First, 'tensional homeostasis' refers to a reduction in isometric force after stretching, but the RAR and GAR are active increases in response to stretching. Second, the RAR requires activation through rapid stretching of the tissue construct ( Figure 6) ; Brown et al. did not explore such conditions. Third, the RAR and GAR counteract passive viscoelastic relaxation; 'tensional homeostasis' acts in parallel with passive viscoelastic relaxation.
The cellular contractile forces in the RAR and GAR result from interactions between nonmuscle myosin and actin stress fibers. MLC phosphorylation through the Rho kinase pathway is believed to be dominant for myofibroblast contraction in wound healing and tissue remodeling (3, 6, 32, 36) . However, elimination and addition of Ca ++ in cells and extra-cellular medium showed both the RAR and GAR to be highly sensitive to Ca ++ levels, indicating an important role for the calcium pathway via MLC kinase.
Our experiments motivate a mechanism for the RAR and GAR in which contractile forces within stress fibers are regulated and maintained through the Rho kinase pathway, but the regeneration of stress fibers is regulated independently through a Ca ++ -dependent pathway: here, Ca ++ affects cellular contractile force through modulation of stress fiber polymerization and organization, but not through modulation of the contractile forces exerted by individual stress fibers. Release of internal stores of Ca ++ and transient elevation of Ca ++ concentration are known to occur with rapid stretching of lung epithelial cells (37) : cytoplasmic Ca ++ concentration increases 3.5-fold following a rapid stretch, then returns to pre-stretch levels within 60 seconds, the approximate duration of the RAR. Our results suggest that this Ca ++ release serves to activate a quick partial restoration of stress fibers and tissue tension during RAR. The actin cytoskeleton continues to rebuild gradually during the GAR and approaches or exceeds its prestretch stress fiber density as active cellular force is restored.
Why do contractile fibroblasts exhibit these active responses? Rapid, sustained straining of contractile fibroblasts occurs, for example, in injured tendons during and after a change of posture. Reduction in cell stiffness through disruption of stress fibers shields cells from high stresses in the same way that microcracks in brittle composites can shield defects (38) . Cytoskeletal disruption may shield cell-cell adhesions, cell-matrix adhesions, and internal cellular components connected to the actin cytoskeleton from large stresses in the same way that sacrificial bonds absorb energy and preserve vital structures in bone (39) . Thereafter, contractile fibroblasts initiate a quick partial restoration of tissue tension during the RAR, completed, following a window if inactivity, in the GAR.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The density of stress fibers at the four time points was calculated from the Fourier transforms of the images in Figure 2 (see supplementary document for details). The power spectra of the Fourier transforms of these images are pictured, with the vertical axes corresponding to frequencies ω y in the direction perpendicular to stretch, and the horizontal axes corresponding to frequencies ω x in the direction of stretch; darker colors correspond to higher amplitudes for the associated frequency pair (ω x ,ω y ). The prevalence of stress fibers was calculated by integrating over the white band in the band-pass filter illustrated in the inset; values were normalized by the pre-test value. The trend line is cell force curve from Figure 1c , scaled to match the stress fiber density at time D, near the end of the GAR. Error bars represent the range of data. Figure 1c. (b) Mechanical response of a tissue construct when extracellular calcium was chelated using 2mM EGTA; inset shows the cellular contribution. (c) Amplitudes of cellular force recovery in the GAR and RAR in specimens tested in medium containing with 1.8mM Ca ++ (black), and in medium in which extracellular calcium was chelated using 2mM EGTA (gray). Error bars show the range of data from four specimens. Following a slower stretch, the same tissue construct exhibited neither the RAR nor the very fast force shedding following the initial force rise (inset expands the time axis), but did exhibit the GAR. (c) Following an additional stepwise stretch on the same specimen, the RAR was recovered, indicating that the absence of the RAR in the second stretch was associated with the loading condition rather than permanent changes caused by the first stretch.
